Reduction of Freshwater Usage of a Coal Fired Power Plant with CCS by Applying a High Level of Integration of All Water Streams  by Hylkema, Hette & Read, Andy
 Energy Procedia  63 ( 2014 )  7187 – 7197 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of GHGT-12
doi: 10.1016/j.egypro.2014.11.754 
GHGT-12 
Reduction of freshwater usage of a coal fired power plant with CCS 
by applying a high level of integration of all water streams 
Hette Hylkemaa and Andy Readb* 
a E.ON Technologies BV, Gallileistraat 15, 3029 AL Rotterdam, The Netherlands 
b Maasvlakte CCS Project CV, Parallelweg 1, 3112NA Schiedam, The Netherlands,  
and E.ON Technologies Limited, Technology Centre, Ratcliffe on Soar, Nottingham, NG11 OEE, UK 
Abstract 
The integration of the recently built 1 070 MW coal-fired unit in Rotterdam (Netherlands) with the proposed new 250 MW 
demonstration carbon capture unit of the Rotterdam Opslag en Afvang Demonstratieproject (ROAD) would lead to a substantial 
reduction in freshwater usage.  This is partly due to the power plant design, the most relevant features being the seawater direct 
cooling and the limestone gypsum Flue Gas Desulfurization (FGD); and partly due to the high level of integration.  This paper 
describes the water and waste streams of the capture plant, including quality and (re-) use in the power plant.  The implications 
for a full scale capture are discussed. 
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Notes: 
x This paper is written using metric units.  In particular, “t” is used to represent metric tonnes = 1 000 kg or 1.103 
short tons.  
x Plant performance data (including water flows) given in this paper are estimated for design conditions and for the 
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1. Introduction 
Water usage is always a concern for power plant designers, and access to sufficient suitable water is a significant 
factor in selecting the location of a power plant, particularly in regions where water is limited.  The addition of 
carbon capture to a power plant significantly alters the water usage in the overall plant and therefore is an important 
factor when considering applying Carbon Capture and Storage (CCS). 
 
This paper describes the water consumption and waste water streams of the Rotterdam Opslag en Afvang 
Demonstratieproject (ROAD) carbon capture plant design, which is a 250 MWe scale retrofit on a 1 070 MWe coal-
fired plant in Rotterdam.  Details of the ROAD project can be found on the Global CCS Institute website 
(www.globalccsinstitute.com).  This paper explains how the water streams are minimised and where possible re-
used.  The implications for overall site water consumption and for full-scale carbon capture are also summarized. 
2. Base water usage of the power plant 
The base power station for ROAD is E.ON’s Maasvlakte Power Plant Unit 3 (MPP3), a new and highly efficient 
coal-fired plant which is entering commercial operation during 2014 (see Figure 1).  This unit is designed to produce 
about 1 070 MW electricity (net of works power) at an efficiency of more than 46% (Lower Heating Value basis).  
This high efficiency is achieved partly by the use of advanced steam conditions (with superheater steam at 600°C 
and 285 bar, and reheater at 620°C), partly through a highly optimized design and also partly through the use of 
direct seawater cooling, using water from the North Sea with an average annual temperature of just 12°C. 
 
Fig. 1. Maasvlakte Power Plant Unit 3 (photo: E.ON Benelux) 
The water flows into the power plant (MPP3) as designed (i.e. without CCS) are as follows: 
x Seawater coolant 92 650 t/h (approx. 1 090 MWt of cooling) with average inlet temperature of 12°C 
x Freshwater supply 120 t/h – local reservoir water from a lake 15 km away, not of drinking water quality.  The 
dominant use for this water is in limestone gypsum Flue Gas Desulfurization (FGD) plant.  
x Demineralized (demin) water 36 t/h – supplied by a local utility company and predominantly used for production 
of feedwater for the boiler. 
x Drinking water 4 t/h. 
x Rain water 4 t/h (on average) 
x Water also enters the power plant via moisture in the coal, and some is formed during combustion.  This is highly 
dependent on the coal quality, but totals circa 155 t/h for the design coal. 
 
Water flows out of the power plant (MPP3) as designed (i.e. without CCS) are as follows: 
x Seawater coolant 92 700 t/h (some waste water streams are of sufficiently good quality to be discharged into the 
cooling water; hence the cooling water discharge flow slightly exceeds the cooling water intake). 
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x Flue gas moisture content is 273 t/h.  The flue gas is saturated by the FGD process, which is the last flue gas 
treatment process before the stack.  The water content is therefore dictated by the FGD operating temperature 
(about 50°C), and is independent of coal composition.  For the typical hard coal example above, the FGD process 
would therefore adds about 120 t/h of water to the flue gas. 
x Concentrated wastes for disposal 1 t/h. 
x Other net losses (including evaporation, and in byproducts (e.g. gypsum)) ~ 8 t/h. 
 
Key 
 Incoming streams containing water  Outflowing streams containing water 
1 Cooling water 7 Cooling water 
2 Power plant condensate (19bar) 8 Power plant condensate (19 bar) 
3 Steam for stripper reboiler 9 Condensate from stripper reboiler 
4 Incoming flue gas 10 Outgoing flue gas 
5 Demin water 11 Excess water from DCC 
6 NaOH for sulfur polishing (FGD) 12 Purge from sulfur polishing (FGD) 
  13 Reclaimer waste 
  14 Water in CO2 product 
Fig. 2. Schematic diagram of capture plant showing water interfaces (simplified) 
3. Capture plant design and water flows 
ROAD’s capture plant is the Econamine FG+ process of Fluor.  Note that this is a partial capture unit, taking 
23.4% of the flue gas from MPP3 as a slip stream for CO2 capture.  90% of the CO2 is captured from the slip stream, 
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The water flows into the capture plant are as follows: 
1. Seawater coolant 12 200 t/h (161 MWt of cooling; part of this sea water flow is used to cool a closed cooling 
water circuit). 
2. Power plant condensate at 19 bara and 26°C (boiler feedwater) – used for cooling 
3. Steam for stripper reboilers 
4. Incoming flue gas moisture content 63 t/h  
5. Demineralized water 7.4 t/h  
6. Water in NaOH solution for the sulfur polishing unit 0.05 t/h 
 
The water flows out of the capture plant are as follows: 
7. Seawater coolant 12 200 t/h 
8. Power plant condensate at 19 bara and 70-80°C (boiler feedwater) – in balance with the condensate sent to the 
capture plant. 
9. Condensate from stripper reboilers (in balance with the steam for stripper reboilers) 
10. Outgoing (treated) flue gas moisture content 26 t/h 
11. Neutralized excess water collected in the DCC (direct contact cooler) 44 t/h 
12. Purge from the sulfur polishing unit 0.41 t/h 
13. Reclaimer waste 0.05 t/h (maximum) 
14. Water in the CO2 product is negligible (< 50ppmv) 
 
Because MPP3 operates with a wet stack, there will be condensation deposited in the stack downstream of the 
capture plant flue gas return, estimated at around 0.35 t/h.  In the current MPP3 process, this condensate is collected 
and used in the FGD plant.  However, with the addition of CCS, there is a risk that this stack condensate will contain 
traces of solvent, which is not known to be acceptable for the FGD process.  Therefore, until the composition is 
known and re-use options established, this small water stream is treated as a waste. 
4. Integration, optimization and waste water minimization / re-use / disposal 
4.1. Cooling water and heat integration 
The main power plant has a design Cooling Water (CW) flow rate of about 93 000 t/h and a maximum flow rate 
with the existing CW pumps, intake and outfall structures in the region of 100 000 t/h (the exact maximum depends 
on water temperatures, fouling levels and sea level (i.e. tides)).  It is important for ROAD to keep within this overall 
flow limit, otherwise a new or expanded CW intake structure and additional main pumps would be required, with a 
substantial additional cost, and increased permitting complexity.  Given this, it was important to minimise the CW 
flow taken by the capture plant (for example by maximizing heat integration), and also to recognize that any CW 
flow exceeding about 7 000 t/h would restrict the CW flow available to MPP3. 
 
In considering maximizing heat integration, only the stripper overhead condenser and the compressor intercoolers 
operate at a sufficient temperature to make condensate preheating worth considering.  Use of the compressor 
intercoolers was rejected based on previous studies.  These showed that the compressors ran warmer when using 
condensate instead of cooling water for cooling, which resulted in an unacceptable reduction in compressor 
performance.  Therefore the work focused on the stripper overhead condenser, which cools the CO2 / water-vapour 
mixture leaving the top of the stripper prior to entry into the main CO2 compressor.   
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Three options for the cooling water integration were evaluated in detail as shown in Figure 3. 
 




































Fig. 3. Cooling water integration options 
For each option, a model was developed to calculate the full system performance including both the capture plant 
and the impact on MPP3.  Option 2 has a capital cost advantage due to short cooling water connections, but 
compared with option 1 the efficiency loss of MPP3 was 0.11% worse because of the warmer cooling water for 
MPP3. 
 
Option 3 makes use of waste heat of the capture plant to heat condensate of MPP3, which both directly improves 
the cycle performance and has the advantage reducing the sea water cooling requirement of the capture plant. The 
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significantly greater than for option 1 (the additional piping length and pumping requirement to extract condensate 
from MPP3 and return it was balanced by lower materials costs for freshwater piping and heat exchanger). Option 3 
was therefore selected. 
 
Because the carbon capture plant uses steam from the power plant for the stripper reboilers, the heat load on the 
MPP3 condensers is reduced by just over 10%.  This allows a reduction in the cooling water flow to MPP3 of just 
over 10% when the capture plant is in service while maintaining the MPP3 condenser pressure at its design figure.  
In fact, the current design foresees seawater coolant flow to MPP3 when the capture plant is in service of 85 900 t/h, 
which is only a 7.3% reduction.  This gives an improvement in the MPP3 condenser pressure when the capture plant 
is in service, and therefore a slight performance improvement.  Taken together with the capture plant seawater 
coolant flow of 12 200 t/h, the combined total seawater coolant flow is 98 100 t/h, which is below the maximum the 
existing intake and outfall structures, and the existing pumps, can deliver.  
4.2. Excess water from the Direct Contact Cooler 
The excess water collected in the Direct Contact Cooler (DCC), at about 44 t/h, is the largest “waste” stream 
from the capture plant.  This is simply water condensed from the flue gas of power plant as it is cooled and 
neutralized with NaOH.  It has good purity (comparable with potable water standards) but it does contain low levels 
of salts condensed from the flue gases. In the ROAD design, the DCC excess water will be sent to the MPP3 FGD 
plant, and therefore reduce the freshwater used by the same amount (from 120 t/h to 76 t/h).  For this duty, it does 
not require any further treatment. 
4.3. Smaller waste streams 
The capture plant also produces three smaller waste streams: the purge from the sulfur polishing unit; the 
reclaimer waste; and the stack condensate.  All these are small streams, estimated at a combined total of less than 
1 t/h, but nevertheless they should be handled properly and reused where possible.  Options for these streams are 
still under development, but current plans and options are as follows: 
x The purge from the sulfur polishing unit of 0.41 t/h contains predominantly sodium sulphate, sulphite and 
carbonate.  This can be safely discharged into the seawater cooling water purge, as it makes a negligible impact 
on local seawater concentrations of these salts. 
x The small reclaimer waste stream (maximum 0.5 t/h) is currently assumed to be treated as a hazardous waste and 
sent for off-site disposal.  However, incineration in the power station boiler would be a preferable route for 
disposal since this recovers both the water and the calorific value of the degraded amine into the process, and 
avoids the handling and costs implied by off-site disposal.  The technical and permitting implications of this 
disposal route will be studied later. 
 
The stack condensate is currently also treated as a hazardous waste due to the (unknown) amine content.  
However, once the plant is operational and this waste stream is analyzed and the composition known, it is expected 
that better alternatives will be possible, for example as freshwater supply for the FGD unit or feedwater for the water 
treatment plant, or disposal directly into the seawater.  
5. Permitting 
The permits required for the water flows described in this paper were mostly in place. The maximal cooling water 
flows will not exceed permit values. Only the discharge of the sulfur polishing unit of the capture plant to the sea 
water cooling water had to be communicated to the permitting authority, but the minimal environmental impact was 
not a hurdle for acceptance. 
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6. Overall site water consumption 
The water flows for the combined power plant and capture unit are presented in Figure 4a and 4b, showing the 
effect of integration between the various streams. 
 
Fig. 4a. Water flows MPP3 without carbon capture 
 
Fig. 4b. Water flows MPP3 and ROAD capture plant 
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Table 1 presents the total numbers for the whole plant for comparison, and Table 2 presents the same data on an 
approximate /MWh basis. 
Table 1. Water consumption: impact of carbon capture 
 MPP3 without carbon 
capture t/h 
MPP3 with 23.4% 
carbon capture t/h 
Change % 
Seawater for cooling 92 650 98 100 +6% 
Freshwater 120 76 -37% 
Demineralized water 36 44 +22% 
 
Table 2. Specific water consumption: impact of carbon capture 
 MPP3 without carbon 
capture kg/MWh 




Seawater for cooling 86 600 96 900 +12% 
Freshwater 112 75 -33% 
Demineralized  water 34 43 +29% 
 
This calculation assumes 1 070 MWe from MPP3 without carbon capture, and that the total reduction in output 
during carbon capture averages 58 MWe.  This total reduction includes the impact of steam and condensate 
exchange on MPP3 electrical generation, and all electrical consumption of the capture unit, including compression 
to dense phase CO2.  It is pessimistic for full load, as the 58 MWe figure is a forecast annual average including the 
impact of reduced efficiencies when MPP3 is at part-load and the carbon capture plant is at full-load.   However, a 
more detailed breakdown of energy performance is not yet available for publication. 
 
Tables 1 and 2 show that the addition of carbon capture significantly increases the cooling water demand due to 
the increased cooling required, but other water consumption is reduced.  Treating the freshwater and demin water 
together, the water consumption is reduced by 23% for the plant, and by 19% on a /MWh basis.   
7. Implications for full carbon capture 
An extrapolation can be made on the water flows for MPP3 fitted with full-scale (100%) carbon capture 
(Figure 5).  In this case we have assumed the seawater coolant water to the main plant condensers is reduced pro-
rata to the reduction in heat loading, which assumes condenser conditions (i.e. pressures and temperatures) are the 
same with and without CCS.  Other numbers can simply be extrapolated.  This must be regarded as approximate 
since the plant would be re-optimized, but it serves as a good indication of the impacts on water consumption of 
full-scale capture  
 
However, the amount of DCC water produced by the full-scale carbon capture plant (188 t/h) now exceeds the 
freshwater usage in the FGD (120 t/h).  As such, there is a surplus.  This could be discharged with the cooling water, 
which is the simplest solution and most likely for MPP3.  However, it could also be used as feedwater for the water 
treatment plant and used for the production of demineralized water.  In areas of scarcity of freshwater, this second 
option is more likely, and this is the option assumed in Figure 5. 
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Fig. 5. Water flows MPP3 and full scale carbon capture 
 
For completeness, we include tables showing the estimated overall plant impact on water usage of full-scale CCS 
on MPP3 as Table 3 (actual flows in and out of the plant) and Table 4 (on a specific basis). 
 
Table 3. Water consumption: impact of full scale carbon capture 
 MPP3 without carbon 
capture t/h 
MPP3 with 100% 
carbon capture t/h 
Change % 
Seawater for cooling 92 650 115 903 +25% 
Freshwater 120 0 -100% 
Demineralized water 36 7 -81% 
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Table 4. Specific water consumption: impact of full scale carbon capture 
 MPP3 without carbon 
capture kg/MWh 




Seawater for cooling 86 600 141 000 +63% 
Freshwater 112 0 -100% 
Demineralized water 34 9 -75% 
 
From this summary it can be seen that the installation of a full scale carbon capture plant increases the cooling 
requirement of the plant – in this example by 25%.  This is primarily due to the additional cooling required to bring 
the flue gases down to the required absorber inlet temperature, and the cooling requirement of the main CO2 
compressor train.  Because the net electrical output is also substantially reduced, the specific cooling requirement 
rises by much more, in this case by 63%. 
 
However, other water requirements are dramatically reduced as the water condensed from the cooler flue gases is of 
sufficient quality to displace freshwater used by the limestone gypsum FGD. Treating the freshwater and demin 
water together, the water consumption is reduced by 96% for the plant, and by 94% on a /MWh basis. 
 
The MPP3 power plant is not designed with a high focus on minimization of water usage, so we expect that this 
remaining net water usage could also be eliminated entirely if it were a design priority, for example if the plant were 
located in a region with heavily constrained water supplies. 
8. Conclusions 
The water usage and waste water streams of the proposed carbon capture plant at ROAD are described in some 
detail.  The amount of waste water that cannot be re-used from the capture plant is very small.  The main 
conclusions are that: 
x The addition of the ROAD carbon capture plant increases the cooling water usage at MPP3 by 6%, or 12% on a 
specific basis (/MWh).  Extrapolating to full-scale CCS, this would become an increase of 25% on a plant basis, 
and 63% on a specific basis (/MWh).  For units using freshwater evaporative cooling (such as conventional 
cooling towers) this will result in a substantial increase in water usage, this being the dominant water 
consumption by such a power plant.  However, where seawater cooling is available, as at MPP3, this has a 
much more limited environmental impact.. 
x The carbon capture plant recovers substantial quantities of water from the flue gas due to the additional cooling 
required, particularly in units using a wet sulfur scrubbing system which saturate the flue gas.  This water can 
be used elsewhere in the process.  Extrapolating from the ROAD design, full-scale capture would allow all 
water usage of the power plant (except for cooling water) to be reduced by 94% on a /MWh basis. 
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Further details of the integration between the capture plant and the power plant can be found in the special report 
“Integration of Capture Plant and Power Plant” that ROAD drafted for the Global CCS Institute: 
http://www.globalccsinstitute.com/publications/integration-capture-plant-and-power-plant-road 
 
